A comparative study of the effects of milling and abrasive water jet cutting on flexural performance of CFRP by Monoranu, M. et al.
This is a repository copy of A comparative study of the effects of milling and abrasive 
water jet cutting on flexural performance of CFRP.
White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/154055/
Version: Published Version
Proceedings Paper:
Monoranu, M., Ashworth, S. orcid.org/0000-0003-1192-6127, M'Saoubi, R. et al. (5 more 
authors) (2019) A comparative study of the effects of milling and abrasive water jet cutting 
on flexural performance of CFRP. In: Kerrigan, K., Mativenga, P. and El-Dessouky, H., 
(eds.) Procedia CIRP. 2nd CIRP Conference on Composite Material Parts Manufacturing, 
10-11 Oct 2019, Advanced Manufacturing Research Centre, UK. Elsevier , pp. 277-283. 
https://doi.org/10.1016/j.procir.2019.09.036
eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/
Reuse 
This article is distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs 
(CC BY-NC-ND) licence. This licence only allows you to download this work and share it with others as long 
as you credit the authors, but you can’t change the article in any way or use it commercially. More 
information and the full terms of the licence here: https://creativecommons.org/licenses/ 
Takedown 
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by 
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. 
ScienceDirect
Available online at www.sciencedirect.com
$YDLODEOH RQOLQH DWZZZVFLHQFHGLUHFWFRP
^ĐŝĞŶĐĞŝƌĞĐƚ
3URFHGLD&,53 ±
ZZZHOVHYLHUFRPORFDWHSURFHGLD
 7KH$XWKRUV3XEOLVKHG E\(OVHYLHU %9
3HHUUHYLHZXQGHU UHVSRQVLELOLW\RI WKH VFLHQWLILFFRPPLWWHH RI WKHWK &,53'HVLJQ &RQIHUHQFH
WK&,53'HVLJQ &RQIHUHQFH0D\1DQWHV)UDQFH
$QHZPHWKRGRORJ\WR DQDO\]H WKHIXQFWLRQDO DQGSK\VLFDODUFKLWHFWXUHRI
H[LVWLQJSURGXFWVIRUDQ DVVHPEO\ RULHQWHGSURGXFW IDPLO\ LGHQWLILFDWLRQ
3DXO6WLHI-HDQ<YHV'DQWDQ$ODLQ (WLHQQH$OL 6LDGDW
eFROH1DWLRQDOH 6XSpULHXUH G¶$UWVHW0pWLHUV$UWVHW0pWLHUV 3DULV7HFK/&)&($5XH$XJXVWLQ)UHVQHO0HW] )UDQFH
&RUUHVSRQGLQJDXWKRU7HO  (PDLODGGUHVVSDXOVWLHI#HQVDPHX
$EVWUDFW
,QWRGD\¶VEXVLQHVVHQYLURQPHQWWKHWUHQGWRZDUGVPRUHSURGXFW YDULHW\DQGFXVWRPL]DWLRQLVXQEURNHQ'XHWRWKLVGHYHORSPHQWWKHQHHGRI
DJLOHDQGUHFRQILJXUDEOHSURGXFWLRQV\VWHPV HPHUJHGWRFRSHZLWKYDULRXVSURGXFWVDQGSURGXFW IDPLOLHV7R GHVLJQ DQGRSWLPL]H SURGXFWLRQ
V\VWHPV DV ZHOODV WRFKRRVH WKHRSWLPDOSURGXFW PDWFKHVSURGXFW DQDO\VLVPHWKRGVDUHQHHGHG,QGHHGPRVW RIWKHNQRZQ PHWKRGVDLPWR
DQDO\]HDSURGXFW RURQHSURGXFW IDPLO\RQWKHSK\VLFDOOHYHO'LIIHUHQWSURGXFW IDPLOLHVKRZHYHUPD\GLIIHUODUJHO\LQWHUPV RIWKHQXPEHU DQG
QDWXUHRIFRPSRQHQWV 7KLV IDFW LPSHGHV DQ HIILFLHQWFRPSDULVRQDQGFKRLFH RIDSSURSULDWHSURGXFW IDPLO\FRPELQDWLRQV IRU WKHSURGXFWLRQ
V\VWHP $QHZPHWKRGRORJ\ LVSURSRVHGWRDQDO\]HH[LVWLQJSURGXFWVLQYLHZ RIWKHLUIXQFWLRQDO DQGSK\VLFDODUFKLWHFWXUH 7KHDLPLVWRFOXVWHU
WKHVHSURGXFWVLQ QHZ DVVHPEO\RULHQWHG SURGXFW IDPLOLHV IRUWKHRSWLPL]DWLRQRIH[LVWLQJDVVHPEO\OLQHV DQGWKHFUHDWLRQ RIIXWXUHUHFRQILJXUDEOH
DVVHPEO\V\VWHPV%DVHG RQ'DWXP )ORZ&KDLQWKHSK\VLFDOVWUXFWXUHRIWKHSURGXFWVLVDQDO\]HG)XQFWLRQDO VXEDVVHPEOLHV DUHLGHQWLILHGDQG
DIXQFWLRQDO DQDO\VLV LVSHUIRUPHG0RUHRYHUDK\EULGIXQFWLRQDO DQGSK\VLFDODUFKLWHFWXUHJUDSK+\)3$*LV WKHRXWSXWZKLFK GHSLFWV WKH
VLPLODULW\ EHWZHHQ SURGXFW IDPLOLHV E\ SURYLGLQJGHVLJQ VXSSRUW WRERWK SURGXFWLRQ V\VWHP SODQQHUV DQG SURGXFW GHVLJQHUV $Q LOOXVWUDWLYH
H[DPSOHRIDQDLOFOLSSHU LVXVHGWRH[SODLQWKHSURSRVHGPHWKRGRORJ\ $Q LQGXVWULDO FDVH VWXG\RQWZR SURGXFW IDPLOLHV RIVWHHULQJFROXPQVRI
WK\VVHQNUXSS3UHVWD)UDQFH LVWKHQ FDUULHG RXWWR JLYH DILUVW LQGXVWULDO HYDOXDWLRQRIWKHSURSRVHGDSSURDFK
7KH$XWKRUV 3XEOLVKHG E\ (OVHYLHU %9
3HHUUHYLHZ XQGHU UHVSRQVLELOLW\RIWKHVFLHQWLILFFRPPLWWHH RIWKHWK &,53 'HVLJQ &RQIHUHQFH 
.H\ZRUGV $VVHPEO\ 'HVLJQ PHWKRG)DPLO\ LGHQWLILFDWLRQ
,QWURGXFWLRQ
'XH WR WKH IDVW GHYHORSPHQW LQ WKH GRPDLQ RI
FRPPXQLFDWLRQ DQG DQ RQJRLQJ WUHQG RI GLJLWL]DWLRQ DQG
GLJLWDOL]DWLRQ PDQXIDFWXULQJ HQWHUSULVHV DUH IDFLQJ LPSRUWDQW
FKDOOHQJHV LQ WRGD\¶V PDUNHW HQYLURQPHQWV D FRQWLQXLQJ
WHQGHQF\WRZDUGVUHGXFWLRQRISURGXFWGHYHORSPHQW WLPHVDQG
VKRUWHQHGSURGXFWOLIHF\FOHV ,QDGGLWLRQ WKHUHLV DQLQFUHDVLQJ
GHPDQG RIFXVWRPL]DWLRQ EHLQJ DW WKH VDPH WLPH LQDJOREDO
FRPSHWLWLRQ ZLWK FRPSHWLWRUV DOO RYHU WKH ZRUOG 7KLV WUHQG
ZKLFK LV LQGXFLQJ WKH GHYHORSPHQW IURP PDFUR WR PLFUR
PDUNHWV UHVXOWV LQ GLPLQLVKHG ORW VL]HV GXH WR DXJPHQWLQJ
SURGXFWYDULHWLHVKLJKYROXPHWR ORZYROXPH SURGXFWLRQ >@
7RFRSHZLWK WKLVDXJPHQWLQJYDULHW\DVZHOO DVWR EHDEOH WR
LGHQWLI\ SRVVLEOH RSWLPL]DWLRQ SRWHQWLDOV LQ WKH H[LVWLQJ
SURGXFWLRQV\VWHP LW LV LPSRUWDQW WR KDYH DSUHFLVHNQRZOHGJH
RI WKH SURGXFW UDQJH DQG FKDUDFWHULVWLFV PDQXIDFWXUHG DQGRU
DVVHPEOHGLQWKLV V\VWHP ,QWKLV FRQWH[WWKH PDLQFKDOOHQJH LQ
PRGHOOLQJ DQG DQDO\VLV LV QRZ QRW RQO\ WR FRSH ZLWK VLQJOH
SURGXFWVDOLPLWHGSURGXFWUDQJHRUH[LVWLQJSURGXFWIDPLOLHV
EXW DOVRWR EHDEOH WR DQDO\]HDQG WR FRPSDUHSURGXFWV WR GHILQH
QHZSURGXFWIDPLOLHV ,WFDQEHREVHUYHGWKDWFODVVLFDOH[LVWLQJ
SURGXFWIDPLOLHVDUHUHJURXSHGLQ IXQFWLRQRIFOLHQWVRUIHDWXUHV
+RZHYHUDVVHPEO\RULHQWHGSURGXFWIDPLOLHVDUHKDUGO\ WR ILQG
2QWKHSURGXFWIDPLO\OHYHO SURGXFWV GLIIHUPDLQO\LQWZR
PDLQFKDUDFWHULVWLFV L WKH QXPEHURIFRPSRQHQWV DQG LLWKH
W\SHRIFRPSRQHQWVHJ PHFKDQLFDO HOHFWULFDO HOHFWURQLFDO
&ODVVLFDOPHWKRGRORJLHVFRQVLGHULQJPDLQO\VLQJOHSURGXFWV
RU VROLWDU\ DOUHDG\ H[LVWLQJ SURGXFW IDPLOLHV DQDO\]H WKH
SURGXFWVWUXFWXUHRQDSK\VLFDOOHYHOFRPSRQHQWVOHYHO ZKLFK
FDXVHV GLIILFXOWLHV UHJDUGLQJ DQ HIILFLHQW GHILQLWLRQ DQG
FRPSDULVRQ RI GLIIHUHQW SURGXFW IDPLOLHV $GGUHVVLQJ WKLV
Procedia CIRP 85 (2019) 277283
2212-8271 © 2020 The Authors. Published by Elsevier B.V. 
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/) 
Peer-review under responsibility of the scientiic committee of the 2nd CIRP Conference on Composite Material Parts Manufacturing.
10.1016/j.procir.2019.09.036
© 2020 The Authors. Published by Elsevier B.V. 
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/) 
3HHUUHYLHZXQGHUUHVSRQVLELOLW\RIWKHVFLHQWL¿FFRPPLWWHHRIWKHQG&,53&RQIHUHQFHRQ&RPSRVLWH0DWHULDO3DUWV0DQXIDFWXULQJ
QG&,53&RQIHUHQFHRQ&RPSRVLWH0DWHULDO3DUWV0DQXIDFWXULQJ&,53&&030
^ĐŝĞŶĐĞŝƌĞĐƚ
 Keywords: composite, machining, damage, milling, waterjet machining 
 
1. Introduction 
CFRPs are increasingly used for structural components of 
aircrafts and high performance automotive applications due to 
their high strength to weight ratio. CFRP parts are usually 
trimmed after production or holes are made to them for the ease 
of assembly. The machining of CFRPs introduces several 
challenges due to their anisotropic and inhomogeneous state as 
well as the presence of very abrasive fibres. Application of 
conventional and non-conventional machining processes 
including milling [1-3] and Abrasive Water Jet Machining 
(AWJM) [4-8] on CFRPs have already been studied by many 
researchers. These mostly cover the mechanics of material 
removal due to the interaction of solid cutting tool and material 
removal process in AWJM. Additionally, the effects of selected 
cutting parameters on developed machining induced damage 
such as delamination; fibre rupture and pull-out; matrix 
burning and smearing have also been studied [9]. A rapid tool 
wear is reported in milling  of CFRPs due to the abrasive nature 
of carbon fibres leading to increased cutting forces and 
deteriorated surface quality [10]. It is reported that surface 
roughness decreases with an increase in cutting speed and 
increases with an increase in feed rate during composite 
machining [11, 12]. Surface roughness has also been used as an 
indicator of machining induced damage in CFRPs that is 
adversely affecting the structural integrity and functional 
performance of the produced parts [9, 12-14]. Ghidossi et al. 
[12] studied the influence of milling and AWJM on mechanical 
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Machining of carbon fibre reinforced polymers is part of the production process that introduces several challenges due to inherent 
characteristics of CFRPs such as non-homogeneity of their mechanical properties. A comparative analysis of conventional milling 
and abrasive water jet (AWJ) cutting is performed to quantify the effects of machining induced damage on flexural strength of 
woven CFRP laminates. The machined surfaces quality is characterized using optical and scanning electron microscopy methods 
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and determine fracture mechanisms in relation to the applied machining operation and produced machined surfaces. The effect of 
machining induced damage on strength of milled samples was less than expected with the AWJ processed samples having the least 
mechanical properties. The surface morphology analysis revealed that the entry and exit point of the water jet introduced severe 
surface and subsurface damage across the full thickness. The failure initiation sites were determined by strain distribution maps 
indicating that machining induced damage promotes failure of the tested CFRPs away from maximum compressive stress observed 
under the loading points. 
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properties of composite coupons. No conclusive results were 
reported mainly due to the difficulties associated with 
correlation of microscopic observations with general behaviour 
of the material tested. On the other hand, surface roughness 
affected the fatigue life of machined composite panels after 
AWJM and burr tool machining [13]. The effects of three 
machining operations (Abrasive Water Jet (AWJ), circular 
diamond saw and shaper planer mounted with polycrystalline 
diamond tool inserts) on the mechanical flexural properties of  
graphite/epoxy laminate samples were studied by Arola and 
Ramulu [15]. According to the reported findings, no 
representative difference was found in the bulk strength of the 
laminates under bending loads, however a peak load difference 
was observed.  
To overcome the issues related to the tool wear and 
subsequent surface quality deterioration, AWJM is 
increasingly implemented in cutting CFRPs [4-8, 16-19]. 
Ramulu and Arola  Arola [4, 8, 16] studied the AWJ process of 
CFRP in a series of experiments. A combination of shearing, 
micromachining and erosion mechanisms [16] lead to the 
development of three main damage zones at the entry of the jet, 
a cutting wear zone and a deformation zone near the exit of the 
jet at the machined kef wall. Doreswamy et al. [17] reported 
that the kerf width increases with an increase in operating 
pressure and standoff distance, but decreased with an increase 
in feed rate when machining GFRP. Similar results were found 
by Hofy et al. [5] when machining two types of CFRP lay-ups. 
Another study [19] concluded that the grit size is the most 
significant process factor which affected the surface finish and 
kerf taper size. The general conclusion is that in order to obtain 
a good surface quality, high operating pressure, low feed rate 
and small standoff distances should be used in AWJM of 
CFRPs. 
There are several reports available in which the field 
deformation distributions within composite materials have 
been measured, however these are mostly limited to the fracture 
mechanics investigations [20-22] and the fibre orientation 
effects on flexural behaviour of E-glass/polyester pultruded 
composites [23]. However, limited knowledge and 
understanding is available on the effect of machining 
operations on deformations field of CFRPs.  
This paper investigates the effects of machining induced 
damage on flexural behaviour, crack propagation and resultant 
failure modes of CFRP laminates subjected to 4-point bending. 
Flexural tests are coupled with high-speed Digital Image 
Correlation (DIC) measurements in order to quantify the 
effects of machining induced damage on the deformation 
evolution and fracture mechanics of samples generated by each 
machining operation combined with high speed DIC analysis. 
2. Project methodology 
2.1. CFRP panel manufacture and characterisation 
Two, 300 x 300 x 3 mm CFRP panels were manufactured 
using a Hypaject Mk I RTM system. A diglycidyl-ether-of-
bisphenol-F (DGEBF) PY 306 epoxy (Atalanta, UK) and 
triethylenetetramine (TETA) hardener (Sigma Aldrich, UK) 
were mixed at a stoichiometric ratio of 100 parts epoxy to 15 
parts hardener by mass. 14 plies of M46JB 6K 50B, 223 GSM, 
2 x 2 twill woven fibres (Sigmatex, UK) were stacked in a 
(0,90) orthotropic lay-up. Manufacturing process was followed 
according to Ashworth et al.  [24]. 
Two random sections from each panel were cut to 
determine the fibre-volume fraction prior to machining to 
ensure a similar content across all panels was achieved. The 
samples were prepared according to Ashworth et al. [25]. The 
ratio of matrix, void and fibres was calculated through contract 
analysis of five different pictures using Pax-it! 2 software 
(USA). The measured values were averaged and reported for 
further investigations.  
2.2. Machining of the test samples 
Three sets of samples were produced, one with milled edges, 
one cut by AWJ and a set with milled edges were the machining 
induced damage was removed by polishing and grinding. The 
latter served as the reference set to compare flexural strength 
of the produced samples. A XYZ 1060HS VMC 3-axis milling 
machine together with a 6mm SecoTools JC 871060 uncoated 
burr tool were used to trim the produced CFRP panels where 
the panels were attached to a specially designed aluminum 
tooling block. A Karcher 001 NT 35/1 Tact Te H extraction 
system is used to remove hazardous dust with the extraction 
nozzle placed locally near the cutting area. The selected 
parameters chosen according to the tool manufacturer 
recommendations to obtain a high quality surface finish are 
shown in Table 1. 
Table 1. Milling tool parameters 
Type Cutting 
diameter 
(6 mm) 
Cutting 
speed 
(m/min) 
Feed per 
teeth 
(mm/tooth) 
Feed rate 
(mm/min) 
RPM  
JC 871060 6  120  0.012 764 6366 
      
A Protomax (Omax, USA) AWJ machine was also used to 
cut the required test coupons. CFRP panels were submerged 1 
mm under water during cutting. The water pressure and feed 
rate of the nozzle was set based on type and thickness of 
material and a level of desired surface quality. Although, fine 
tuning of the parameters were not available on this machine, 
the aim was to obtain a good surface finish, therefore the input 
parameters were set to obtain maximum performance from the 
AWJ cutter. Process parameters are listed in Table 2. 
Table 2. AWJ machining parameters 
Pressure 
(MPa) 
Nozzle 
orifice 
(mm)  
Focusing 
tube 
(mm) 
Stand of 
distance 
(mm) 
Feed rate 
(mm/min)  
Abrasive 
mesh size  
(AquaJet, 
UK) 
204  0.2 0.762 1.3 310 80 
      
 Machined surfaces of the third set of samples were polished 
to remove any defects induced by the machining process. 
Polishing was done using CarbiMet Plain P800 (Buehler, UK) 
to obtain a uniform surface finish after removing of 0.2 mm by 
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which the material was inspected and it was not affected by the 
edge trimming process. 
2.3. Post-machining assessment 
Areal surface scanning was conducted using an Alicona 
Infinite Focus SL optical focus variation system using 10x 
magnification. Exposure was set to 7.25 ms and contrast set to 
0.7 with vertical resolution and lateral resolution set to 400nm 
and 1ȝm. An area with a length of 8 mm on the machined side 
of the samples was scanned covering 8 x 3 mm2 with 3 mm to 
be the thickness of the sample. A cut off length Ȝc of 0.8 mm 
was applied to the image before spatial and autocorrelation 
textural parameters were collected from Alicona IF-
Measurement Suite. Profile data was collected and measured 
according to ISO 4288 [26] and ISO 3274 [27] specifications. 
Five measurements were taken in the transverse cutting 
direction across the full thickness of the sample.  
A FEI Inspect F FEG-SEM was used to assess the machined 
surface morphology at high magnification. Samples were gold-
coated prior to the SEM microscopy for the better conductivity.  
2.4. Mechanical testing 
Four point bend flexural tests were performed in accordance 
to ASTM D6272 [28]. A load span of one half of the support 
span was selected to ensure the stresses are uniformly 
distributed between the loading pins. AWJ, milled and polished 
samples were tested at 1.5, 15 and 150 mm/min in order to 
investigate the effect of machining induced damage on flexural 
properties and fracture mechanisms at different crosshead 
rates. Flexural strength was calculated as an average of five 
repeats for each case. 
A 2D High Speed DIC (LaVision, GmbH) system was used 
to measure deformation distribution during flexural tests. The 
machined edge of the samples were covered by a fine coat of 
white paint and speckle pattern were created using a Badger 
200-3 (USA) airbrush. Davis 10 software (LaVision, GmbH) 
was used to analyze the surface displacements during testing. 
The DIC parameters used in the analysis are shown in Table 3. 
The subset and step pixel sizes were chosen based on an 
assessment of the mean average speckle and its distribution in 
order to minimize the systematic error in the analyses. A 
schematic of the flexural test setup and HS DIC camera view is 
shown in Figure 1. 
Table 3. DIC parameters 
Parameter Value 
Technique 2D High Speed DIC 
Software Davis 10 
Subset size 27 x 27 pixels 
Step size 8 pixels 
Camera Phantom V410L 
Lens 100mm Macro lens with 35mm extension tube 
Image Resolution 1280 x 800 pixels 
Field of view 23.31 x 14.57 mm 
Frame Rate 1 to 10 kHz  (chosen relative to crosshead 
displacement rate during flexural testing) 
Imaging Distance 166.711 mm 
Spatial resolution 0.14 mm 
 
 
Figure 1. Optical Image of the speckled sample under the 4-point bend test 
setup showing the area of interest (red rectangle) between the loading points 
and the selected subset sizes in relation to the produced random speckle 
pattern indicating the quality of the patterns and suitability of the selected 
DIC parameters 
3. Results and discussion 
3.1. Laminate content analysis 
Table 4 shows the fibre, resin and void content for 
manufactured panels where the void content of less than 1% 
ensures the quality and consistency of the produced panels. 
Table 4 - Fibre and resin content (%) 
 Resin (%) Fibre (%) Voids (%) 
Panel 1 36.32 63.15 0.53 
Panel 2 38.09 61.25 0.66 
 
3.2. Surface roughness measurements 
The average profile roughness (Ra) and the areal average 
height of the selected area (Sa) of the surface machined by 
conventional milling and AWJ process are shown in Figure 2. 
The areal parameters show more information about surface 
texture compared to profile parameters being more useful in 
composite surface roughness analysis [29]. Ra and Sa 
parameters have higher values for samples produced using 
AWJ. The results of unpaired T statistical tests show that the 
difference between surface measurements is statistically 
significant (p-value < 0.05). In addition, a statistical difference 
is identified for other areal parameters such as Sq, Sp, Sv, Sz and 
Ssk used in surface roughness characterisation between the two 
manufacturing operations. Samples machined by AWJ had a 
Ssk negative value (-0.561), which represents a surface with 
deep craters and a few peaks, while milling samples had a 
positive value (0.023), which shows that surface topography is 
symmetric. Figure 3 shows 3D surface texture maps of the 
machined samples. Large craters are observed on the surface 
machined by AWJ. The initial damage zone happening in AWJ 
machining creates craters at the entrance of the jet where deep 
groves are formed and the height profile is at its lowest values 
(Figure 3  c). 
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Figure 2. Surface roughness results for samples machined by AWJ and 
conventional milling displaying standard deviation bars and p-value of T 
statistical tests 
 
Figure 3. 3D Surface texture maps with height profile (in ߤ݉) of surface 
produced after a) Milling and polishing b) Conventional Milling and c) AWJ 
machining 
3.3. Surface morphology results 
The surface machined by AWJ (Figure 4) shows severe 
damages including fibre pull-out, micro and micro craters, fibre 
rupture and damage at the entry and exit of the jet. These 
damages are found across the whole thickness and length of 
machined samples. The cutting process of AWJ is based on the 
erosion mechanism taking place at a micro and macro level [9] 
which can generate these types of damage. Fibre pull-out 
occurred for the 90° fibre orientation leaving cavities in the 
surface. Micro craters formed in the 90° fibre orientation due 
to brittle fracture of fibres at the impact between abrasive 
particles and fibres, while macro craters form in the 0° 
orientation due to effect of jet pressure. Both micro and macro 
craters are affecting the surface roughness measurements. 
Initial damage zone which occurs at the jet entrance (Figure 4 
 e) shows pits and cracks transverse to the jet direction. Due 
to the position and orientation of these micro cracks, these can 
represent a delamination initiation point.  Furthermore, uncut 
fibres and micro craters are found at jet exit. No abrasive 
embedment between the matrix and fibres is noticed.  
Surface morphology of milled specimens are in line with 
previous studies from literature [9, 24, 30, 31]. However, 
significant matrix smearing was noticed for 90° fibre 
orientation which might hide the extent of subsurface damage.  
The 0° fibre orientation areas shows signs of debonding where 
fibres were lifted up from the surface. Overall, the surface 
morphology of milled samples showed less damage compared 
to samples machined by AWJ.  
3.4. The effects of machining operations on flexural strength 
Figure 5 shows the failure force and flexural strength 
obtained from mechanical testing. Samples with polished 
surface experienced the highest force and flexural strength 
regardless the speed of the test. The trend is followed by 
samples machined by conventional milling and AWJ. Unpaired 
T statistical tests results show that differences at a test speed of 
1.5 and 15 mm/min are all statistically significant (p-value < 
0.05) except for the case between polished and milled 
specimens (p-value > 0.05). 
 
 
Figure 4. SEM micrographs showing machining induced damage of samples 
machined by AWJ including a) Individual fibre pull-out b) Removed large 
bulk of fibre and matrix creating a macro crater c) Uneven jagged fibre 
fracture d) Fibre cluster pull-out e) Rectangle: Initial damage zone at jet 
entrance and Ellipse: a transvers crack to jet direction f) Jet exit damage  
uncut fibres  (small circle) and micro crater formed due to material removal 
(big circle) 
At a speed of 150 mm/min, no statistical difference was 
found due to variance in test results. The analysis of flexural 
results using T statistical tests leads to the conclusion that 
mechanical properties of polished and milled samples are in the 
same range. This can be attributed to the low extent of surface 
damage in milled samples. In addition, polished and milled 
surfaces are free of damage at the edge of specimens (Figure 3 
 a, b). On the other hand, AWJ samples experienced the lowest 
failure force and flexural strength. This can be explained by a 
possible larger machining induced damage according to the 
surface texture analysis and observed surface morphology from 
SEM. 
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Figure 5. Flexural test results for specimens tested at 1.5, 15 and 150 mm/min 
displaying standard deviation error bars and p-value of T statistical tests a) 
Failure force b) Flexural Strength 
3.5. Fracture mechanics 
The majority of specimens failed by a combination of 
kinking, matrix cracking and fibre breakage in the compressive 
side during bending, regardless of the way they have been 
produced. These failure modes were generated by micro 
fractures which occurred in different locations across the 
thickness of specimens depending on the machining process 
used in manufacturing the test samples. Figure 6 shows initial 
crack initiation sites within the uniform stress state window of 
the samples. It was observed that failure initiation sites were 
populated underneath the loading points for polished samples. 
These, however, were spread around the top layer for AWJ 
samples where the major stress is compressive, while milled 
samples have the initial crack located centrally in the 
compression side. It was noticed that even the initial crack 
location is different in each case, the failure and fracture 
mechanism is similar for all samples.  
 
Figure 6. Crack initiation locations 
Figure 7 shows the fracture evolution in an AWJ processed 
sample during the final stages of the loading where the initial 
crack starts on the top edge (red rectangle in Figure 7  a). Fibre 
kinking occurs at the applied compressive stresses (Figure 7  
b). This is attributed to the jet entrance and the initial damage 
zone which showed micro cracks and pits on the surface close 
to the edge (Figure 4  e). The loading is normal to the direction 
of the generated damage which affected both fibre and matrix. 
Due to this damage, buckling occurs at lower applied stresses 
leading to fibre kinking. AWJ processed samples did not fail in 
the bottom edge tension region as the extension of damage in 
matrix and fibre is higher at jet entrance. Studies have proved 
that fibre kinking occurs mainly in areas where are local defects 
and fibre misalignments[32]. In addition, fibre micro buckling 
is common for the fibres with small diameter (< 15 um) such 
as carbon fibres [33]. Shear failure occurs at the interface 
between fibres and matrix leading to the debonding between 
fibre and matrix (Figure 7  b). Crack propagates transverse to 
ply orientation as a result of fibre buckling, fibre fracture and 
matrix failure (Figure 7  c). Catastrophic failure of the samples 
occurs when the generated crack is long enough and the rest of 
the material cannot sustain the applied stress as shown in Figure 
7  d. Micro damages located at jet entrance of AWJ samples 
generated an early start of crack propagation, which produced 
the bending failure of specimens at lower loading forces. The 
damage free surface of polished and milled specimens did not 
generate an early start of crack propagation and lead to better 
flexural results. 
3.6. Deformation evolution analysis 
Figure 8 shows maximum normal strain distributions in the 
tested samples at the onset failure initiation. The high intensity 
strain contours reveals the possible location of where the 
specimen starts to crack. AWJ sample (Figure 8  a) shows a 
high intensity strain area on the top edge of the specimen which 
is correlated with the damage zone discussed in the previous 
section, and once the crack is initiated, the deformation is 
localized around it (Figure 8  b) leading to catastrophic failure 
of the material. On the contrary, the polished samples show the 
highest measured strains evenly distributed at the top and 
bottom of the sample, tension and compression sides, 
respectively (Figure 8  c). 
 
Figure 7. Crack propagation analysis of a sample machined using AWJ a) 
Initial crack initiation at the top edge of the specimen b) Fibre kinking and 
debonding c) Transverse crack development c) Final failure 
However, the failure could start at the contact point with the 
loading pins due to fibre/ matrix crushing effect (Figure 8  d). 
For milled specimens, strain distribution is uniform with almost 
no deformation measured at the neutral axis of the samples, as 
expected, with random fluctuations of the measured strain 
values (Figure 8  e). The building of strain contours at crack 
initiation was progressive, proportional to the crosshead 
displacement of the loading pins. Maximum strain intensity at 
crack initiation had a value between 0.8 and 1.2 % for the 
samples tested. However, after the initial damage, strain 
contours changed depending on the failure mode, location and 
size of the initiated crack. In the case of milled specimens 
(Figure 8  f) the maximum normal strain contour had a value 
of 12%, while polished specimens (Fig 10  d) showed a 
maximum normal strain of 3.5% around the crack which 
developed due the compression force applied by the loading 
nose. 
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Figure 8. Maximum normal strain distributions in specimens under bending 
a) AWJ sample before initial crack b) AWJ sample after initial crack c) 
Polished sample before initial crack d) Polished sample after initial crack e) 
Milled sample before initial crack f) Milled sample after initial crack 
4. Conclusions 
x Surface roughness is higher for specimens milled by AWJ 
process compared to conventional milling. The difference 
was found statistically significant (p < 0.05). 
x Surface morphology analysis showed severe damages for 
samples machined by AWJ. Fibre pull-outs, micro and 
macro craters were identified across the full thickness of the 
scanned specimens. Initial damage zone at jet entrance 
showed pits and transverse micro cracks to jet direction. 
x Polished and milled specimens experienced the highest 
flexural properties followed by AWJ samples. Statistical 
tests showed a significant difference in flexural results 
between polished vs AWJ and milled vs AWJ specimens (p 
< 0.05). The low performance of AWJ can be explained by 
severe machining induced damage illustrated by the surface 
roughness and morphology. 
x Majority of specimens failed by a combination of kinking, 
matrix cracking and fibre breakage in the compressive side 
during bending. Crack initiation of samples machined by 
AWJ is associated with the severe surface damages 
occurred at jet entrance located on top edge of the samples.  
x Strain deformation maps can be used to predict the initial 
crack location of specimens during 4-point bending tests. 
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